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nov.
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The algal osmolyte DMSP is a potential substrate for the production of certain
natural flavor compounds or flavor precursors. A newly isolated, aerobic, rod-
shaped bacterium, strain WNA2, was found to convert DMSP to
substoichiometric concentrations of MTPA. The isolate was obtained from
enrichments inoculated with a 106-fold diluted slurry of intertidal mud and water
from the Wadden Sea. MTPA was degraded further with a transient
accumulation of methanethiol and with dimethyldisulfide as the sulfur-containing
end-product. Growth of strain WNA2 on glycine betaine, which can be
considered as an N-containing structural analogue of DMSP, was strongly
inhibited by dimethyldisulfide. The sequence of its 16S rRNA encoding gene
identified strain WNA2 as a member of the α-subclass of the Proteobacteria with
Ruegeria atlantica as its closest relative. A phenotypic analysis of strain WNA2,
and DNA/DNA hybridization studies with the type strain of this species, allowed
assignment of strain WNA2 to a new species, Ruegeria frisia sp. nov.
Key words: Dimethylsulfoniopropionate –  methylthiopropionate –  flavor compounds
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Introduction
Microbial conversions can be used for the production of natural flavors. Examples are
the synthesis of vanillin from eugenol by bacteria (Washisu et al. 1993) or from
ferulate by fungi (Lesage-Meesen et al. 1999) and the production of γ-decalactone
from ricinoleic acid by Saccharomyces cerevisiae (Boog et al. 1998).
Certain esters of MTPA and of mercaptopropionate are natural fruity flavors
(Fenaroli 1995; Hansen and van der Maarel 1998). MTPA itself is associated with a
cheesy flavor (Berger et al. 1999). Because of their role as flavors or flavor precursors
there is interest in the biological production of natural MTPA and mercaptopropionate
(e.g. Hansen and van der Maarel 1998; Hansen et al. 1998). A potentially useful
precursor for the synthesis of MTPA and mercaptopropionate is DMSP. This
compound is present in high concentrations in certain marine algae (Reed 1983; Keller
1988) and some plants (Hanson and Gage 1996).
Anaerobic demethylation of DMSP has been shown to be carried out by several
sulfate-reducing bacteria belonging to the δ-Proteobacteria and to support growth; they
include Desulfobacterium strain PM4, Db. niacini, Db. vacuolatum and strain WN
(van der Maarel et al. 1996 b). Such bacteria stoichiometrically convert DMSP to
MTPA. We recently demonstrated demethylation of DMSP to MTPA by acetogenic
bacteria such as Eubacterium limosum, but this conversion did not support growth
(Jansen and Hansen, submitted). Both the sulfate-reducing bacteria and the acetogens
require anoxic conditions for growth and are rather difficult to handle. The goal of the
present work was to obtain aerobic bacteria that can produce high concentrations of
MTPA from DMSP. The isolate we studied in most detail turned out to be a new




Organisms and cultivation. Serial tenfold dilutions (in medium) of surface
sediment or seawater collected at the intertidal area of the Wadden Sea near
Westernieland (The Netherlands) were used as 1-ml inoculum for enrichment cultures.
The enrichments were incubated statically at room temperature. The medium with
DMSP (0.6 mM) was made according to Visscher and Taylor (1994). Alternatively, a
Tris-buffered medium with the following composition per l was used: 30 g NaCl, 1.0 g
MgCl2 . 6H2O, 4.0 g Na2SO4, 0.15 CaCl2 . 2H2O, 0.7 g KCl, 0.5 g NH4Cl, 0.2 g
NaHCO3, 6.0 g Tris, 1 ml trace elements solution SL7 (Laanbroek and Pfennig 1981),
1 ml vitamins solution (Widdel 1980), 2 ml KH2PO4 (1.0 M), and 0.5 l sterile seawater
(pH 7.8). Pure cultures were obtained by repeated plating on Tris-buffered media
solidified with 1.5% (wt/vol) Noble Agar (Difco Laboratories, Detroit, MI, USA). Pure
cultures were grown in the Tris-buffered medium (pH 7.8) with 0.02% yeast extract
(without the sterile seawater) in erlenmeyer flasks on a gyratory shaker (100-150 rpm)
at 300C. The temperature optimum for growth was determined with glycine betaine as
a substrate (10 mM); the temperature range was tested on marine agar plates (Difco).
The pH range was determined with glycine betaine as a substrate (10 mM); the salinity
range was determined with glucose (0.1%) without yeast extract. Potential growth
substrates were tested in shaken erlenmeyer flasks at concentrations of 0.1% (unless
otherwise indicated); growth was corrected for the contribution of the yeast extract in
the medium. Oxidase, catalase, denitrification and nitrate reduction were determined
according to Smibert and Krieg (1994). Ruegeria atlantica DSM 5823T [formerly
Agrobacterium atlanticum; reclassified by Uchino et al. (1998)] was grown on marine
agar (Difco) or in Tris-buffered medium as described above.
Cell suspension experiments. Cultures were grown on DMSP (10 mM), glycine
betaine (10 mM) or DMSP (10 mM) plus glycine betaine (10 mM), harvested by
centrifugation (15 min at 8,000 x g at 40C), and washed at least twice in medium
without substrate. Cells were resuspended to a final protein concentration of 1.0
mg/ml, and 10 ml of the suspension was transferred to 120-ml vials. Vials were closed
with teflon-coated stoppers (Supelco, Bellefonte, PA, USA) to avoid loss of the sulfur
compounds in the stoppers (Kiene and Capone 1988). Production of methanethiol and
dimethyldisulfide by the cell suspensions was measured by head space analysis.
Mole % G + C. The G+C content of the DNA was determined by HPLC based on
the method of Mesbah et al. (1989) by the DSMZ (Braunschweig, Germany).
DNA hybridization. DNA was isolated by chromatography on hydroxyapatite by
the procedure of Cashion et al (1977). DNA-DNA hybridization was carried out by the
DSMZ as described by De Ley et al. (1970), with the modification described by Huss
et al. (1983) and Escara and Hutton (1980) using a Gilford System model 2600
spectrophotometer equipped with a Gilford model 2527-R thermoprogrammer and
plotter. Renaturation rates were computed with the TRANSFER.BAS program by
Jahnke (1992).
Denaturing gradient gel electrophoresis. Denaturing gradient gel
electrophoresis (DGGE) was performed as described by Muyzer et al. (1998) using a
Hoefer SE600 series vertical electrophoresis unit connected to a circulating water bath.
A urea-formamide gradient from 40% to 70% was used. The gel was run at 55oC and a
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constant voltage of 50V for 18h. PCR-DGGE fragments were generated from
amplified 16S rDNA (see below) by using the forward primer S-D-Bact-341-a-S-17
with a 5’ GC-rich extension and the reversed primer S-*-Univ-909-b-A-17 under the
PCR conditions as described by Muyzer et al. (1998).
16S rRNA gene sequence determination and phylogenetic analysis. DNA of
strain WNA2 was extracted as described previously (Van der Maarel et al. 1996b). The
16S rRNA gene was amplified using the S-D-Bact-0008-a-S-19 and S-*-Bact-1392-a-
A-15 primers and Taq DNA polymerase (Pharmacia Amersham Biotech, Uppsala,
Sweden) on a Progene thermal cycler (Techne, Cambridge, UK) according to the
method of Van der Maarel et al. (1996b). After purification of the PCR product with
the Wizard PCR DNA purification system (Promega, Madison, WIS, USA), the
complete 16S rDNA sequence was determined using the BigDye terminator cycle
sequencing kit of Perkin Elmer (Foster City, CA, USA) according to the







6. S-*-Univ-1392 -a-A-15 [notation of the primers according to Alm et al. (1996)].
Cycle sequencing products were analyzed on an ABI 310 automated DNA analyser
(Perkin Elmer). Sequences were aligned using the Dedicated Comparative Sequence
Editor programme of De Rijk and de Wachter (1993) and corrected by hand.
Subsequently, a distance matrix based on the algorithm of Jukes and Cantor (1969) and
the neighbor-joining method was calculated. A phylogenetic dendrogram was
constructed with the aid of the TREECON software package (van de Peer and de
Wachter 1993).
Nucleotide sequence accession numbers. The 16S rRNA gene sequence
determined in this study has been deposited in Genbank under accession number
AF124521. The accession numbers of the sequences used in the phylogenetic analyses
are: Roseobacter gallaeciensis (Y13244), Ruegeria algicola (X78315), Ruegeria
atlantica (D88526), Ruegeria gelatinovorans (D88523), Roseovarius tolerans
(Y11551), Roseobacter denitrificans (M96746), Roseobacter litoralis (X78312),
Antarctobacter heliothermus (Y11552), Silicibacter lacuscaerulensis (U77644),
Sulfitobacter pontiacus (Y13155), Sulfitobacter mediterraneus (Y17387),
Sulfitobacter brevis (Y16425), Sagittula stellata (U58356), Staleya guttiformis
(Y16427), Octadecabacter arcticus (U73725), ‘Marinosulfonomonas methylotropha’
(U62894), DMSP-degrading strain LFR (L15345), Paracoccus versutus (D32244),
Rhodovulum sulfidophilum (D16423), Rhodobacter veldkampii (D13477).
Scanning electron microscopy. Bacteria, grown on glycine betaine (10 mM) in
medium without yeast extract, were fixed with 6% glutaraldehyde and by 1% osmium
tetroxide. The sample was dehydrated with a graded series of ethanol followed by
critical-point drying. Samples were examined using a JEOL 6300 scanning electron
microscope.
Analytical methods. DMSP was determined as dimethylsulfide or acrylate after
Aerobic DMSP demethylation
31
overnight treatment with 1 M NaOH (White 1982). Acrylate, MTPA and
mercaptopropionate concentrations were analyzed by HPLC using a C18 column
(Jansen and Hansen 1998). Mercaptopropionate was measured after reduction of the
sample with tributylphosphine (Humphrey and Potter 1965). Methanethiol,
dimethylsulfide and dimethyldisulfide were measured in the headspace of vials by gas
chromatography as described by Jonkers et al. (1998); for dimethyldisulfide analyses
the oven temperature was 170oC instead of 120oC. Cell protein was determined
according to Lowry et al. (1951) after treatment of the cell pellet with 1 M NaOH at
1000C for 10 min. The optical density of cultures was measured in a 1 cm cuvette in a
Starrcol colorimeter (Hoorn, The Netherlands) at 660 nm.
Chemicals. DMSP was synthesized from acrylic acid and dimethylsulfide
(Chambers et al. 1987) or obtained from CASS (University of Groningen, Groningen,
The Netherlands). MTPA was obtained by alkaline hydrolysis of its methylester
(Aldrich, Steinheim, Germany). Tributylphosphine was purchased from Acros
Organics (Geel, Belgium), and dimethyldisulfide and methanethiol from Fluka
Chemika (Buchs, Switzerland).
Results
Isolation of DMSP-demethylating strains. Strains were isolated from dilution
series of surface sediment or seawater of the Wadden Sea near Westernieland (The
Netherlands), using media with 0.6 mM DMSP as sole source of carbon and energy.
After 10 days of incubation, the highest dilution with visible growth (106 dilution) was
streaked onto solid media with 0.6 mM DMSP. Approximately 40 colonies were tested
for production of MTPA or 3-mercaptopropionate in liquid media containing 10 mM
DMSP. Two isolates were obtained that produced more than 0.1 mM MTPA after 10
days of incubation; strain WNA1 was isolated from a carbonate-buffered medium and
strain WNA2 from a Tris-buffered medium. Colonies were transparent and yellowish
to colorless. Both isolates were short, irregular (approx. 0.4-0.7 by 2.2-4.5 µm), gram-
negative rods; a few cells were motile by means of a polar flagellum. Furthermore,
occasionally a star-shaped aggregation of cells could be observed (Figure 1). Because
both isolates had similar morphological and physiological characteristics and partial
16S rDNA fragments of both strain WNA1 and WNA2 migrated to the same positions
when using denaturing gradient gel electrophoresis (data not shown), more detailed
experiments were done only with strain WNA2.
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Fig. 1 Scanning electron micrograph of strain WNA2 showing rosette formation (bar, 1 µm)
Strain WNA2 grew between 4 and 370C (28-300C optimum). Optimal growth
occurred at pH 8.0 (range: 7.0-9.5). The optimal salinity for growth on glycine betaine
was approximately 3.0%. No growth was observed with NaCl concentrations below
0.1 M or above 2.1 M in media with glucose. The organism grew on DMSP, glycine
betaine, dimethylglycine, sarcosine, glycine, choline, acetate, propionate, acrylate,
butyrate, pyruvate, glycerol, mannitol, sorbitol, L-serine, L-alanine, L-histidine, L-
glutamate, L-aspartate, L-arginine, L-methylcysteine, glucose, fructose, galactose,
mannose, xylose, cellobiose, succinate, L-malate, citrate, and p-hydroxybenzoate. No
growth was observed on the following compounds: MTPA (10 mM), 3-
mercaptopropionate (10 mM), dimethylsulfide (1 mM), methanethiol (1 mM),
dimethyldisulfide (1 mM), formate (10 mM), L-lactate (10 mM), gluconate, L-
methionine, L-methylmethionine, methanol (10 mM), ethanol (10 mM), sucrose,
lactose, trehalose, maltose, arabinose, dimethylamine (10 mM), monomethylamine (10
mM) and trimethylamine (10 mM). Starch and gelatine were not utilized. Strain
WNA2 was catalase and oxidase-positive. In mineral media with glucose it required
biotin as a growth factor. Nitrite formation from nitrate, gas formation from nitrate and




Fig. 2 Dendogram showing the relatedness between the 16S rRNA gene sequences of strain
WNA2 and a number α-subclass Proteobacteria. The scale bar corresponds to two nucleotide
substitutions per 100 sequence positions. The dendrogram was constructed using the DCSE alignment
program and the TREECON for Windows software package. The distance was estimated using the two
parameter model of Jukes and Cantor (1969) and the tree was constructed by the neighbor joining
method as implemented in the TREECON software package. The numbers indicate absolute bootstrap
values per 100; only bootstrap values above 25 are shown.
A phylogenetic analysis based on the 16S rRNA gene sequences revealed that
strain WNA2 is a member of the α-subclass of the Proteobacteria. It clusters in the
group of the marine α-Proteobacteria; these bacteria are also designated as α-3-
Proteobacteria or the Roseobacter group (Uchino et al. 1998; González et al. 1999).
Ruegeria atlantica (97.2% similarity) and Silicibacter lacuscaerulensis (96.7%
similarity) are the closest relatives of strain WNA2 (Figure 2). DNA-DNA
hybridization of strain WNA2 with R. atlantica showed a value of 20.9 % which
indicates that strain WNA2 does not belong to R. atlantica.
Growth of strain WNA2 on DMSP and product formation. When strain
WNA2 was grown in a medium with 19 mM DMSP and 0.02% yeast extract, DMSP
was converted slowly to MTPA (Figure 3). Unlike growth on betaine (td 8 h) growth
on DMSP was not exponential; during growth on DMSP a transient accumulation of
MTPA was observed. A DMSP:MTPA stoichiometry of 1:1 was never observed.
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Fig. 3 Growth of strain WNA2 on 19 mM DMSP (∆), (□) MTPA concentration. (○) OD660.
The degradation product(s) of MTPA were measured using closed vials containing
washed cell suspensions of strain WNA2 grown on DMSP (10 mM), glycine betaine
(10 mM), or glycine betaine plus DMSP (10 mM). DMSP (100 µM) was added to
these cell suspensions (incubated at 300C) and they were analyzed for methanethiol
and dimethyldisulfide formation. After 1 h, 18-20 µM MTPA could be detected in the
cell suspensions with DMSP. Several hours later a low concentration of methanethiol
was detected (<5 µmol methanethiol/l liquid medium), and dimethyldisulfide
formation started. In total 53 ± 6 µmol dimethyldisulfide/l liquid medium (average of
eight incubations) was found in these suspensions after 5 days; methanethiol and
MTPA could no longer be detected. This showed that all DMSP was converted to
dimethyldisulfide. Dimethyldisulfide was probably formed due to oxidation of two
methanethiol molecules, as indicated by control experiments were methanethiol was
added to Tris-buffered medium and the dimethyldisulfide production rate was
measured. Cell suspension experiments with MTPA (100 µM) showed similar results
as for cell suspensions supplemented with DMSP, with dimethyldisulfide as sulfur-
containing end-product (data not shown). Mercaptopropionate or dimethylsulfide were
never detected as intermediate or end-product in DMSP-grown cultures or cell
suspensions of strain WNA2.
When a well-aerated stationary phase fermenter culture of strain WNA2 after
growth on 50 mM glycine betaine (OD660 2.5; pH kept constant at 7.8) was
supplemented with 80 mM DMSP, 30.5 mM DMSP was utilized during 72 h of
incubation with the concomittant production of 19.5 mM MTPA. After 225 h this
concentration of MTPA was still present, and the DMSP concentration had hardly
decreased further (Figure 4).
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Fig. 4 MTPA production (□) from DMSP (∆ ) by strain WNA2 pregrown on 50 mM glycine betaine.
(○) OD660.
MTPA addition to batch cultures of strain WNA2 resulted in reduced growth
rates and less dense growth. When 20 mM MTPA was added at t0 to cultures growing
on 10 mM glycine betaine, the maximal optical density reached was approximately
25% lower than in the control without MTPA. No growth on glycine betaine was
observed in the presence of 40 mM MTPA. Dimethyldisulfide strongly inhibited
growth of strain WNA2 on glycine betaine even at far lower concentrations than
MTPA. These experiments were performed with 10-ml cultures growing on 10 mM
glycine betaine in 120-ml vials closed with teflon-coated stoppers, and with
dimethyldisulfide added at t0 in various concentrations: 3.75, 1.5 and 0.75 mmol
dimethyldisulfide/litre added in the liquid phase (dimethyldisulfide was measured in
the gas phase). A concentration of 0.75 mmol dimethyldisulfide/litre in the liquid
phase already resulted in a 50% lower final optical density of growth on glycine
betaine, compared to a control without dimethyldisulfide. Virtually no growth was
observed when 3.75 mmol dimethyldisulfide/litre was added. When a similar
experiment was done with DMSP as a substrate, no clear difference in final optical
densities was observed between the control without dimethyldisulfide and with various
concentrations dimethyldisulfide (0.75-3.75mmol/litre).
DMSP degradation by Ruegeria atlantica. In view of the high similarity of
Ruegeria atlantica with strain WNA2 (Figure 2), we tested the type strain of this
species for growth on DMSP and MTPA. After a lag phase of 6 days, cultures of R.
atlantica degraded 15 mM DMSP in 6-8 days, with a transient accumulation of up to 4
mM MTPA. The cultures reached an optical density (600 nm) of 0.4. Similar optical
densities were found when R. atlantica was grown on 15 mM MTPA; in contrast,
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strain WNA2 does not grow on MTPA (see above). In cultures of R. atlantica grown
in closed vials, supplemented with DMSP or MTPA (10 mM), methanethiol and
dimethyldisulfide were detected. As was found for strain WNA2, R. atlantica grew
more rapidly in media with glycine betaine as a substrate than with DMSP.
Discussion
The use of aerobic bacteria such as strain WNA2 or R. atlantica for the production of
MTPA from DMSP is possible but major disadvantages are the substoichiometric
conversion and the rather low MTPA concentrations obtained (approximately 20 mM).
The production of MTPA from DMSP by sulfate-reducing bacteria was stoichiometric
(van der Maarel et al. 1996b); the same was true for the bioconversion of DMSP by
acetogenic bacteria such as Eubacterium limosum PM31 (Jansen and Hansen,
submitted). Unlike strain WNA2, R. atlantica can grow on MTPA and form colonies
on plates with MTPA; one would expect that if a mutant of R. atlantica impaired in the
degradation of MTPA can be obtained that such a mutant would carry out a
stoichiometric conversion of DMSP to MTPA.
Aerobic marine bacteria that degrade DMSP via an initial demethylation have
been known since 1991 (Taylor and Gilchrist 1991; Visscher and Taylor 1994; Diaz
and Taylor 1996). The phylogenetic position of the isolates studied by these authors is
not clear. Recently, González et al. (1999) reported production of methanethiol from
DMSP by several marine bacterial strains; this indicates demethylation of the substrate
followed by production of methanethiol from MTPA. All of these isolates belonged to
the α-Proteobacteria but differed from strain WNA2. It is not known whether any of
the DMSP-metabolizing strains studied earlier excretes substantial amounts of MTPA
during the degradation of DMSP. In this study we demonstrated that the type strain of
R. atlantica, a close relative of our strain WNA2, also produces appreciable
concentrations of MTPA.
On the basis of the DNA/DNA hybridization studies with R. atlantica and the
considerable difference in G+C mol % of the DNA with this species (G+C mol % of R.
atlantica is 55; Rüger and Höfle 1992; G+C mol % of strain WNA2 is 60.4%) we
conclude that strain WNA2 can not be affiliated with R. atlantica. Phenotypic
differences include the absence of nitrate reduction to nitrite or gas and the lack of
utilization of trehalose, maltose and sucrose by strain WNA2. We assign WNA2 to a
new species for which we propose the name Ruegeria frisia, sp. nov.
Description of the type species Ruegeria frisia, sp. nov.
Fri.si.a, M.L. fem. adj. frisia, Frisian, pertaining to the Northern regions of the
Netherlands and Germany.
Gram-negative somewhat irregular rods, 0.4-0.7 x 2.2-4.5 µm. Usually immotile,
but sometimes motile by means of polar flagellum. May form rosettes. Temperature
range from 4 to 37 oC (optimum at 28-30 oC); pH range for growth 7.0 to 9.5
(optimum at pH 8.0). No growth below 0.1 M NaCl or above 2.1 M NaCl in minimal
media with glucose; optimal salinity 3 %. Aerobic heterotrophic growth. Catalase and
oxidase-positive. No fermentative growth on glucose or fructose; no reduction of
nitrate. No pigment produced. Grows in mineral media supplemented with a carbon-
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and energy source and biotin. Starch and gelatine not hydrolyzed. Utilizes glucose,
fructose, mannose, galactose, xylose, cellobiose, mannitol, sorbitol, glycerol, acetate,
propionate, butyrate, succinate, malate, acrylate, citrate, pyruvate, glycine, alanine,
serine, aspartate, glutamate, histidine, arginine, betaine, dimethylglycine, sarcosine,
and p-hydroxybenzoate. Does not utilize methanol, ethanol, methylamine,
dimethylamine, trimethylamine, lactose, maltose, sucrose, arabinose, gluconate,
lactate, and methionine. Excretes methylthiopropionate during growth on
dimethylsulfoniopropionate (in the presence of yeast extract). The DNA base
composition is 60.4 mol % G+C.
The type strain WNA2 was isolated from an intertidal area (Dutch Wadden Sea);
it will be deposited at the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(Braunschweig, Germany).
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